Summary. In 8 subjects in whom portal vein catheters had been inserted 5-6 days previously during cholecystectomy, arterial and portal concentrations of glucose, lactate, pyruvate, glycerol, alanine, free fatty acids, fl-hydroxybutyrate and acetoacetate revealed no significant differences. This provided the basis for the calculation of hepatic balances from arterio-hepatic venous substrate-differences in 17 healthy volunteers. In eight of them metabolic balances were determined during elevated hepatic lactate supply. Kinetics of the substrates throughout the whole test period in 9 controls showed no gross interference from the catheterization or infusion procedure. The elevated hepatic lactate concentration caused a doubling of hepatic glucose output, which could almost entirely be accounted for by a fivefold increase of hepatic lactate uptake. This acceleration of hepatic gluconeogenesis was accompanied by a significant increment of hepatic free fatty acid uptake, whereas hepatic ketone body production did not change. These data seem to support the view that hepatic energy requirements caused by an accelerated gluconeogenesis might be covered from enhanced free fatty acid oxidation.
When the liver of a fasted rat is perfused with lactate, pyruvate, glycerol and alanine individually at physiological concentrations, the sum of their glucose-* Supported by a grant from Sonderforschungsbereich 51 of the Deutsche Forschungsgemeinschaft ** Part of this work has been presented in preliminary form at the 8th Annual Meeting of the European Society for the Study of Diabetes production rates is almost identical with the value of this rate obtained by a mixture of the same substrates [1] . This additive effect demonstrates that no step in the gluconeogenic pathway is near saturation at physiological substrate concentrations. This could result in a severalfold increase in the rate of hepatic glucose formation when lactate concentration rises, i. e. during severe muscular exercise. Since acceleration of glucose utilization by the exercising muscle imposes a considerable drain on blood glucose [2] , glucose homeostasis could not be maintained, if lactate were not produced at a very high rate and could not rapidly be reconverted into glucose. The demonstration of a faster de novo glucose-synthesis due to an individual increase of lactate in the present study underlines the importance of the precursor concentration per se for the control of giuconeogenesis.
Materials and Methods

Subjects
17 subjects were recruited from medical students. Their average age was 26.5 + 0.6 years, their height 175.3 __+_ 0.8 cm and their weight 70.9 _+ 1.0 kg (expected weight range: 64.2 -70.6 [3] ). Physical examination as well as laboratory tests excluded internal diseases. Particularly, liver function tests and postprandial serum glucose levels were normal. In 8 patients who underwent cholecystectomy an additional liver biopsy proved the absence of gross hepatic disease. The average age of this group was 31.3 + 1.9 years, their height 175.1 + 1.9 cm and their weight 67.5 + 2.7 kg (expected weight range 64.2 --70.6 [3] ). The normal subjects received no drugs especially no premedication. This was also true for the patients who underwent the test 5-6 days after the operation. The values represent the mean + SEM of 9 volunteers in ml/100 g of fiver weight • min ~ and ~tmoles/100 g x minb. Calculation of the balances was performed within 30 min of a basal period and within 10-20 min and 50-60 rain after the start of the saline infusion. For details see Materials and Methods
Procedure
In the 8 patients catheterization of the portal vein was performed via the umbilical vein during cholecystectomy according to previously described techniques [4] . 5-6 days after the operation and in the postab' sorptive state (15 h fasting) simultaneous blood samples from the femoral artery and the portal vein were collected for the determination of substrates at 10 min intervals for a period of 30 min (Table 1 ) and in one case during 40 min of an intravenous lactate infusion (0.03 mmoles 9 kg -1 9 min-1) into an antecubital vein. In the 17 volunteers, after an overnight fast (15 h), a woven dacron Goodale-Lubin catheter (type 125 c, size 7 F, US Catheter and Instrument Corporation, Glenforce, New York, USA) was placed from an antecubital vein into the right hepatic vein under fluoroscopic control. Arterial blood was drawn through a Seldinger cannula (size PE 160, Kifa, Sweden) from the right femoral artery. Patency was maintained by an infusion of 0.1 unit per kg body weight per minute of heparin in 0.9% NaCI (1 ml/min). This G. Dietze et al.: Hepatic Substrate Balances during Lactate Infusion rate guarantees no significant effect on lipoproteinlipase activity and consequently on free fatty acid levels [5] . In the 17 subjects, at 10 rain intervals arterial and hepatic venous blood samples were collected simultaneously throughout a 30 rain basal period for chemical analysis. Then, in 8 of them a sodium lactate solution (150 mmoles/1) was infused into an antecubital vein at a rate of 0.03 mmoles 9 kg 1 -min -1 and additional blood samples were obtained at 10 min intervals for 40 min (Table 3) . During the same test period 9 of them received the same volume as physiological saline (Table 2) . Total blood loss was less than 200 ml in normal volunteers and less than 100 ml in patients.
During the basal period and the infusion of lactate or saline, hepatic blood flow (HBF) was measured. Since conventional dye clearance as a technique for the measurement of hepatic blood flow could not be used without risk [6] and dye excretion may be impaired when hepatic metabolism was altered, i. e. during fructose infusion [7] , a gas exchange technique was employed which had been used successfully before [8, 9 , 10] and could be assumed to remain valid during lactate infusion [11] . The tracer 13~xenon was given by inhalation for 6 min in a closed circuit system containing an oxygen: 133xenon-mixture (500 ~Ci 133xenon/1 02). With the help of a valve the volunteer was then switched to room air and the exhaled 133xe-non passed through a hose into the open air (desaturation). The exhaled carbon dioxide was trapped by an absorber. During the following 20 min the washout of 133xenon from the liver was recorded by a sodium iodide crystal (P/4 x 2 inch). This washout was analyzed on the basis of the rules for the measurement of blood flow with radioactive labelled gases developed by Kety [11] and by Morales and Smith [12] . Accordingly, recirculation could either be handled by an analog computer [9] or by a graphical analysis [10] . This procedure yielded a monoexponential washout process, the constant K of which could be considered to be directly proportional to the hepatic perfusion F and indirectly to the partition coefficient ). of 133xenon (F = k 9 ;.), which had been found to be 0.74 [13] . Precision of the method was proven by 20 serial determinations revealing a Standard deviation of 3.5%.
Analysis
Blood glucose (0.31~ 1, lactate (0.56%), pyruvate (0.75%), alanine (0.97%), glycerol (1,29%), fi-hydroxybutyrate (1.43 %) and acetoacetate (2.0%) were determined enzymatically [14] [15] [16] [17] [18] [19] [20] , the plasma free The values represent the mean -+ SEM of 8, for glycerol 6 volunteers in ml/100 g of liver weight x min a, mmoles/l b, and [amoles/100 g • rain c. aSignifieant difference to basal (p < 0.05; paired t-Test) fatty acids (FFA) (1.33%) by a colorimetric method [21] . The samples were placed immediately in ice cold perchloric acid. Pyruvate and acetoacetate were assayed within 6 h and the other substrates within 48 h. Hepatic balances were generally calculated from those blood samples collected during the measurement of the hepatic blood flow. From each blood sample determinations of the individual substrates were performed at least in duplicate.
Standard statistical methods have been employed [22] using Student's t-test for paired and unpaired samples when applicable. All the mean values in this paper are given with the standard error of the mean (SEM). 
Materials
Lactate was used as a racemate and as a sterile sodium lactate solution containing 150 mM of lactate (Dept. of Pharmacy of Schwabing City Hospital, Munich, FRG). Radioactive 133xenon (Radiochemical Center Amersham, Great Britain) was purchased as a sterile zolution in 0.9% sodium chloride (10 mCi/ml) with a specific activity of 2 Ci/cm 3 (NDT).
Results
Demonstration of identical substrate concentrations in the portal vein and the hepatic artery after an overnight fast (Table 1) indicated that substrate balances derived from arterio-hepatic venous differences represented metabolic rates of the liver. This was also demonstrated in one subject during lactate infusion (W. J., 21.2. 72). So as to exclude interference from the catheterization and infusion procedure, the substrates were measured in 9 controls during saline infusion. This procedure revealed no significant changes of substrate concentrations and hepatic substrate balances (Table 2) .
Immediately with the start of lactate infusion the arterial lactate level rose almost three-times from 0.44 _+ 0.05 mmoles/1 up to 1.24 _+ 0.1 mmoles/1 (p < 0.005) and its arterio-hepatic venous difference fourtimes from a mean in the basal period of 0.12 + 0.01 G. Dietze et al.: Hepatic Substrate Baiances during Lactate Infusion to 0.49 + 0.04 mmoles/1 (p < 0.005) ( Table 3) . With increasing lactate concentrations hepatic lactate extraction rose continuously (Fig. 1) .
Since lactate and pyruvate concentrations suggested a steady state of hepatic lactate and pyruvate metabolism during the 20 and 30 min after the start of the infusion, and blood flow was measured during this period, this seemed to be the most favourable time to compare the basal balances with those calculated during lactate infusion. As determined by the increased hepatic lactate extraction and the enhanced hepatic blood flow (Table 3 ) the mean value for hepatic lactate uptake rose almost 6 fold from 9.1 + 1.2 up to 51.7 + 5.8 ~tmoles/100 g • rain (p < 0.005). Although arterial and hepatic venous pyruvate levels showed a similar rise, its hepatic extraction and utilization remained unchanged ( Table 3 ). The concentrations of alanine and glycerol exhibited no significant changes.
Simultaneously with the accelerated lactate uptake the arterio-hepatic venous glucose difference increased from a mean of -0.54 + 0.06 to -0.84 + 0.07 mmoles/1 (p < 0.02). When adjusted for the faster flow rate, hepatic glucose production was doubled (Table 3) . Based on the results from 6 volunteers whose hepatic uptake of all the individual precursors could be registered completely (Table 4) , the portion of glucose output which accounted for precursor uptake increased from 11.3 + 1.6 up to 37.3 + 3.3 ~tmoles/100 g X rain (p < 0.05). That portion of glucose production which was not accountable for by substrate uptake remained' constant (Table 4) .
Although arterial FFA concentrations did not change significantly there was a significant augmentation of hepatic free fatty acid utilization from a basal value of 8.3 + 1.6 up to 12.6 + 2.2 ~tmoles/100 g • min during lactate infusion (p < 0:05) ( Table 3 ). The simultaneously measured total hepatic ketone body 2 production revealed no significant difference.
Arterial osmolarity (285, 291 mosmol/kg H20) and pH (7.38, 7.40) measured in two subjects did not change significantly during lactate infusion (292, 294 mosmol/kg H20; 7.37, 7.38). Heart rates and systolic blood pressures of 4 subjects receiving lactate were unchanged (basal rate: 73.8 ___ 7.1, basalpressure: 125 +__ 8.2 mmHg, during lactate infusion: 75.8 _ 6.5, and 118.8 + 10.1 mm Hg).
Discussion
The aim of this study was to prove whether lactate as a substrate per se would accelerate hepatic The data represent the mean + SEM in ~tmoles/100 g of liver weight • min. of 6 subjects whose hepatic uptake of individual precursors could be measured simultaneously a These values are indicated in glucose equivalents and hepatic amino acid uptake was estimated as twice that of alanine (24) b Significant difference to basal (p < 0.05; paired t-Test)
gluconeogenesis. This effect could be predicted from experiments on hepatic metabolism with the isolated peffused organ [1, 28] , with radioactive substrates [25] and with the catheterization technique [2] . Considering that portal and arterial substrate levels were identical (Table 1) hepatic balances have been calculated (Table 2, 3) which were in good agreement with those from earlier studies on human splanchnic metabolism [2, 7, 23, 24, 25, 26] . Corresponding to these data, a rate of total hepatic glucose production has been obtained which was found to be 40-50 ~tmoles/100 g • min (Table 2, 3, 4). Since one might suppose that in the fasting state the substrates taken up would certainly enter the glucogenic pathway [2] , and since the hepatocyte might be expected to synthetize one mole of glucose from two moles of these precursors [28] , the portion of glucose output which can be accounted for by gluconeogenesis could be estimated from precursor uptake. As presented in table 4 this portion was about 25% and the residual portion ought to be due to glycogenolysis. These findings were in good accord with results derived from isotope studies [25] as well as from balance studies [2] and from serial determinations of the hepatic glycogen content [29] .
The recorded data concerning FFA and ketone body metabolism (Table 2, 3) were also in good agreement with those in the literature [23, 27] . Since esterification and biosynthesis had been shown to account only for 20-30 per cent of hepatic FFA extraction in the postabsorptive state [23] and had been reduced further during fasting [30] one might consider the portion of FFA which accounted for hepatic ketone body production to be about 20-40 per cent [23, 27] . The relatively large free fatty acid uptake [23] led to the suggestion that FFA may be the prime substrate of the livers oxidative metabolism [30] . This suggestion was strengthened by the fact that its respiratory quotient was found to be 0.65 [23, 25] . According to data from earlier studies about 40-60% of FFA could be supposed to be completely oxidized to provide hepatic energy demand.
During lactate infusion arterial pyruvate and lactate concentrations rose two-and threefold, respectively (Table 3) , corresponding to concentrations caused by moderate muscular exercise [2] . The residual substrates did not change. Since the arterial and portal concentrations exhibited no essential differences (single observation) the balances registered during lactate infusion have also been considered to represent metabolic rates of the liver. Since the carbohydrate metabolism of the controls did not reveal effects from the catheterization and infusion procedure (Table 2 ), the hepatic rates registered during lactate infusion needed no revision. Accordingly, as could be expected from in vitro studies [1, 28] , an almost sixfold increase of hepatic lactate uptake was registered. This was partly due to lactate extraction,. which rose continuously with increasing serum lactate levels ( Fig. 1) . This phenomenon had also been observed in the isolated perfused liver [1] and had been explained by the fact that no step in the glucogenic pathway was near saturation at physiological substrate concentrations. In contrast to the in vitro situation [1] , the fivefold increase of lactate uptake was also due to a faster flow rate. This effect on hepatic blood flow had also been observed in the dog and had been supposed to be due to changes of serum osmolarity or serum-pH caused by the lactate load [31] . However, this could not be the cause, since in two subjects both these variables remained reasonably constan t (see Results). Furthermore, hormones especially catecholamines were also unlikely to be involved, since there was no evidence for an enhancement of lipolysis (Table 3) , heart rate or blood pressure (see Results). Adenosine derived from increased break down of energy rich phosphates, has been suggested to be one of the factors controlling organ blood flow [32] . This hypothesis could also turn out to be true for the liver, since acceleration of gluconeogenesis was found to increase hepatic energy demand [28, 1] and activation of hepatic metabolism was found to accelerate perfusion [33] . In accordance with the findings from the isolated perfused organ [1] , the fivefold increase of hepatic lactate uptake was associated with a doubling of hepatic glucose formation (Table 3, 4) . Corresponding to the recorded precursor uptake this increase of hepatic glucose output was almost entirely due to an enhanced gluconeogenesis from lactate. The portion which was not accountable for by precursor uptake showed no significant change (Table 4 ). This was in good agreement with the finding that the hepatic glycogen content did not change [31] .
This acceleration of hepatic gluconeogenesis from lactate was accompanied by an enhancement of the hepatic FFA uptake (Table 3) . Since the hepatic ketone body production did not rise correspondingly there was evidence for impaired ketogenesis. This finding could be presumed to be in good accord with the well-known antiketogenic effect of lactate [30, 34] which had been interpreted to be largely due to faster esterification and only to a minor degree due to accelerated citric acid cycle activity [34] . That both these mechanisms might also play a role in the in vivo situation was emphasized by increased hepatic glycerol uptake (Table 3 , 4) and carbon dioxide production during lactate infusion [31] . Since the hepatic precursor uptake corresponded almost exactly with the acceleration of hepatic glucose output ( [34] , Table 4 ), the larger CO2 release could be presumed to stem rather from the increased FFA uptake. These findings were consistent with the present view that hepatic energy requirements required for accelerated gluconeogenesis might be covered from the oxidation of FFA [1, 23, 35] . This hypothesis had also been underlined by in vitro studies with radioactiv e labelled oleate which showed significant hepatic release of labelled carbon dioxide during lactate induced stimulation of hepatic gluconeogenesis [34] . It would not be in contrast to the data from earlier studies [36] which revealed smaller oxaloacetate content and consequently reduced citric acid cycle activity during acceleration of gluconeogenesis. These findings had only been observed during ketosis due to enhanced lipolysis e. g. during fasting and diabetic acidosis.
